A battery thermal management system (BTMS) ensures that batteries operate efficiently within a suitable temperature range and maintains the temperature uniformity across the battery. A strict requirement of the BTMS is that increases in the battery discharge rate necessitate an increased battery heat dissipation. The advantages of heat pipes (HPs) include a high thermal conductivity, flexibility, and small size, which can be utilized in BTMSs. This paper experimentally examines a BTMS using HPs in combination with an aluminum plate to increase the uniformity in the surface temperature of the battery. The examined system with high discharge rates of 50, 75, and 100 A is used to determine its effects on the system temperature. The results are compared with those for HPs without fins and in ambient conditions. At a 100 A discharge current, the increase in battery temperature using the heat pipe with fins (HPWF) method is 4.8 • C lower than for natural convection, and the maximum temperature difference between the battery surfaces is 1.7 • C and 6.0 • C. The pulse circulation experiment was designed considering that the battery operates with a pulse discharge and temperature hysteresis. The depth of discharge is also considered, and the states-of-charge (SOC) values were 0.2, 0.5, and 0.8. The results of the two heat dissipation methods are compared, and the optimal heat dissipation structure is obtained by analyzing the experimental results. The results show that when the ambient temperature is 37 • C, differences in the SOC do not affect the battery temperature. In addition, the HPWF, HP, and natural convection methods reached stable temperatures of 40.8, 44.3, and the 48.1 • C, respectively the high temperature exceeded the battery operating temperature range.
Introduction
Rising energy demands have led to a series of problems, such as increased fossil fuel consumption, depletion of non-renewable resources, environmental pollution problems, and political impacts [1] [2] [3] . Many scholars have studied clean energy, including wind [4, 5] , solar [6] [7] [8] , geothermal [9, 10] , and tidal [11] . The use of batteries in electric vehicles (EVs) [12, 13] to replace traditional fossil fuels can effectively reduce the global use of fossil fuels as automotive batteries provided good conversion and storage capabilities. However, high efficiency, safety, and longevity are especially important for EVs during high-speed operation. Consequently, improving the performance of automotive batteries is critical to replacing conventional fuel vehicles with EVs.
CFD simulations were used to analyze the different condensation sections (natural convection, forced ventilation, combination of natural convection with HPs, and combination of forced ventilation with HPs). Increasing the HPs reduced the maximum temperature of the battery by 7.1 • C so the maximum battery temperature remained below 40 • C. Shah, K. [31] used a cartridge heater to simulate a heat generation model for a 26,650 battery and designed different heat generation models by changing the power and inserting a HP inside the battery to analyze different heat dissipation conditions (natural convection, forced convection, and HP cooling). When the heating power was 2.07 W, the internal temperature of the HP battery was controlled to be below 45 • C, but the battery temperature under other heat dissipation conditions exceeded 55 • C. Zhao Rui [42] used 3 and 8 Ah lithium batteries with grooved aluminum HPs (air-cooled, water bath, and air-cooled and spray water mist combination), to compare the temperature conditions under different discharge rates. In the experiments, the heat dissipation performance of the HPs combined with spray water mist and air cooling was shown to be the most ideal.
Current research for the use of HPs with batteries has the following primary problems. First, a flat HP includes the battery, is expensive, and does not have a compact structure. Second, other HP arrangements do not obtain sufficient temperature uniformity. Third, a general problem is that the direct connection of the battery pack is an inefficient use of space. Last, the battery cannot be operated with a high discharge rate or energy recuperation conditions. This paper described the utilization of an L-type HP mounted on an aluminum plate as a bracket combination method. The heat from the battery was transferred to the aluminum plate through conduction and then from the aluminum plate to the HP, which increased the temperature uniformity across the battery. The L-shaped HP was designed to effectively connect the battery packs to reduce the required space. A high discharge current was considered to meet the performance requirements of EVs. In addition, the temperature hysteresis and energy recovery device were considered.
The first section of this paper describes the cooling process for EV batteries with an L-shaped HP combined with an aluminum plate. The second section analyzes the cooling effect of the lithium battery pack combined with the L-type HP and aluminum plate under natural convection, forced ventilation of the HP, and the HP with fins. The last section describes the conclusions.
Introduction of the Experimental Methods

The A123-8Ah Battery
A 48-V lithium-ion battery from A123 s is a cost-effective and compact solution to considerably enhance the fuel economy for micro-hybrid vehicle applications [45] . The 48-V battery pack is comprised of 14 A123 8 Ah batteries. The parameters for the battery pack are shown in Table 1 , the battery cell is shown in Figure 1a , and the 48-V battery pack is shown in Figure 1b . The battery is lightweight and has a large discharge rate. 
Cooling System
The proposed system couples the HPs and the aluminum plates to remove heat from the soft-pack-type lithium-ion batteries. The aluminum plate was of the 1060-type with a thermal conductivity of 155 W/(m.K) and hardness of 95HB. A groove was opened along the thickness direction of the aluminum plate to embed the HP in the plate, as shown in Figure 2 . The HP was evenly coated with thermal silica (FN8220, thermal conductivity 2.0 W/(m.K)) to reduce the thermal resistance from the air, which can impact the test results. In addition, fins were added to the condensation section of the HP to enhance its heat dissipation capability. The fins were made of copper with a thermal conductivity of 400 W/(m.K)). The thermal conductivity (k e = 57, 129.8 W/(m.K) k c = 30, 343.21 W/(m.k)) of the HP was obtained by calculating the thermal resistance [17, 46] . The dimensions of the aluminum plates, fins, and HP are shown in Table 2 , and the entire cooling system diagram is shown in Figure 3 . 
The Equipment of the Experiments
The BTMS was placed in a thermostatic test chamber (CK-150 g ± 0.5 • C) to control the battery temperature. The battery detection system (BTS-400) had an independent constant current source and constant voltage source for the battery charge and discharge experiments. The temperature of the battery was measured using an Agilent Model 34,972 Temperature Collector (±0.004%), 34,908 Data Acquisition Card, and K-type Thermocouples (±0.75% × T). The accuracies of the devices are shown in Table 3 . Based on the Kline-McClintock analysis [47] , the uncertainty in the temperature of the battery surface measured in this experiment is 0.75%.
A schematic diagram of the experimental setup is shown in Figure 4 . The red dotted boxes represent the temperature control system, and the blue dotted boxes represent the charging and discharging system. The specific experiments are shown in Figure 5 , the measurement points for the battery surface temperature are shown in Figure 6a , and a schematic diagram of the HP is shown in Figure 6b . 
Content of the Experiment
The effects of the ambient temperature on the surface temperature and temperature uniformity for a constant current discharge at 17, 27, and 37 • C with discharge currents of 50, 75, and 100 A were considered. In addition, the effects of the temperature hysteresis and internal resistance on the battery temperature were considered by designing a pulse cycle test with discharge depths for the state-of-charge (SOC) of 0.2, 0.5, and 0.8.
Analysis of Results
Analysis of Discharge Experiment
Effects of Discharge Rate on the Experiment
In the HPWF, the discharge currents were 50, 75, 100 A, and the temperature at the battery center (T B3 ) is shown in Figure 7 . The results indicate that the surface temperature of the battery increases with the discharge current. At larger currents, more heat is released per unit time, the slope of the temperature curve increases, and the final temperature is larger while the battery discharges. At 37 • C, the final temperature of the battery with 50, 75, and 100 A was 38.1, 38.6, and 39.0 • C, respectively. Larger battery surface temperatures deteriorate the uniformity of the temperature. The battery is maintained at the optimal operating temperature range. At ambient temperatures of 27 and 17 • C, the temperature at the center of the battery under the different current rates increased by 2.2, 3.0, and 3.4 • C, and 2.7, 3.7, and 4.4 • C, respectively. The high-temperature environment of the HP decreases the flow resistance of the internal fluid, indicating the heat conductivity of the HP is better at higher temperatures. Therefore, when the ambient temperature is low, there is a greater increase in the temperature of the battery surface compared with high ambient temperatures. Another parameter that determines the heat dissipation performance of a battery is its temperature uniformity ∆T max .
∆T max = max(T Bi ) − min T Bj i = 1, 2, 3, 4, 5. j = 1, 2, 3, 4, 5.
The average temperature of the battery during the discharge process is shown in Figure 8 . When the current is discharged at 50, 75, and 100 A, the battery ∆T max increases with the current. When the ambient temperature is 37 • C, the maximum temperature differences on the surface of the battery were 0.8, 1.4, and 1.7 • C, respectively. At an ambient temperature of 17 • C, the maximum temperature differences on the surface of the battery were 0.5, 1.0, and 1.6 • C, respectively. When the discharge current was 100 A, the battery ∆T max were 1.6, 1.6, and 1.7 • C at ambient temperatures of 17, 27, and 37 • C, respectively. In addition, as the discharge current increases, the effect of the environmental temperature on the battery ∆T max is reduced. 
Effects of Heat Dissipation on the Experiment
In the experiments, the HP and HPWF were used to dissipate heat, and the batteries were tested separately under natural convection. In this case, one side of the battery was measured while the other side had 3-mm thick insulation. The thermal materials were the same as the spacer layer in the two batteries for the thermal management with HPs, as shown in Figure 9a . Differing from the pack experiment, the heat exchange between the batteries was measured using a FLUKE-TiS55 (T × 2%) thermal imaging camera during the discharge process. The results are shown in Figure 9b . Except for the electrodes, the temperature differences on the surface of the battery are less than 0.5 • C, suggesting that the insulation layer has good insulating properties. There was no effect on the battery temperature with the battery packs. Table 4 shows the experimental conditions for different heat dissipation methods. During constant current discharging, the heat was dissipated using HP and HPWF methods. The temperature with the HPs increased more than the HPWF by 0.2 °C. In the case of natural convection, when the battery is discharged at 50, 75, and 100 A, the surface temperatures of the battery were 41.0, 42.7, and 43.8 °C, while the optimal temperature range of the battery is 25-40 °C. Therefore, the battery temperature was always greater than its optimal operating temperature range. For HP heat dissipation, at the end of the 100 A discharge, the surface temperature of the battery was below 40 °C.
As the discharge current increased, the temperature uniformity of the surface of the battery deteriorated. For example, At 100 A, the surface uniformities of the batteries for the HP and HPWF methods were a ∆ of 1.8 and 1.7 °C, respectively. For natural convection, the battery ∆ was 6.0 °C, which is higher than the surface temperature difference of the battery by 5 °C. Table 4 shows the experimental conditions for different heat dissipation methods. During constant current discharging, the heat was dissipated using HP and HPWF methods. The temperature with the HPs increased more than the HPWF by 0.2 • C. In the case of natural convection, when the battery is discharged at 50, 75, and 100 A, the surface temperatures of the battery were 41.0, 42.7, and 43.8 • C, while the optimal temperature range of the battery is 25-40 • C. Therefore, the battery temperature was always greater than its optimal operating temperature range. For HP heat dissipation, at the end of the 100 A discharge, the surface temperature of the battery was below 40 • C. Table 4 . Different heat dissipation methods at 37 • C. As the discharge current increased, the temperature uniformity of the surface of the battery deteriorated. For example, At 100 A, the surface uniformities of the batteries for the HP and HPWF methods were a ∆T max of 1.8 and 1.7 • C, respectively. For natural convection, the battery ∆T max was 6.0 • C, which is higher than the surface temperature difference of the battery by 5 • C.
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Experimental Analysis of Pulse Cycling Process
The operation of an electric vehicle includes an energy recovery device, which causes the battery to have a non-uniform discharge. The heat released from the battery during actual operations is also much greater than the heat of the constant current discharge. In addition, because the battery has a heat storage capacity, the temperature of the battery is maximized after the discharge. As shown in Figure 10 , the case of natural convection showed that the temperature of the battery after discharging completely for the 30 S battery reached a maximum of 44.4 • C, which is 0.6 • C higher than the end temperature of the battery. In addition, the surface temperature of the batteries for the HP and HPWF methods increased by 0.5 and 0.3 • C, respectively. In this paper, the pulse cycle experiment was designed to have alternating charging and discharging cycles to better simulate the heat dissipation of a car battery. In addition, the battery can dissipate heat for a long time, which reduces the effect of its heat storage. The specific pulse cycle experiment is shown in Figure 11 . The pulse cycle of the battery discharges it to a fixed SOC with a constant current of 8 A. The battery is then discharged with a constant current of 100 A for 10 s before charging at a current of 100 A for 10 s. The total time of this experiment is 10,000 s. completely for the 30 S battery reached a maximum of 44.4 °C, which is 0.6 °C higher than the end temperature of the battery. In addition, the surface temperature of the batteries for the HP and HPWF methods increased by 0.5 and 0.3 °C, respectively. In this paper, the pulse cycle experiment was designed to have alternating charging and discharging cycles to better simulate the heat dissipation of a car battery. In addition, the battery can dissipate heat for a long time, which reduces the effect of its heat storage. The specific pulse cycle experiment is shown in Figure 11 . The pulse cycle of the battery discharges it to a fixed SOC with a constant current of 8 A. The battery is then discharged with a constant current of 100 A for 10 s before charging at a current of 100 A for 10 s. The total time of this experiment is 10,000 s. Figure 12 shows the effects of different heat dissipation methods with an SOC of 0.5 for the pulse cycle experiment at an ambient temperature of 37 • C. For the HP heat dissipation, the battery reached a steady temperature state after running for 131 cycles. Under the HPWF condition, the temperature of the battery reached a steady state after 44 cycles, and the center temperature of the battery finally stabilized to 40.8 • C. For the HP heat dissipation, the surface temperature rise of the battery was 7.9 • C, which exceeds the optimal operating temperature by 4.3 • C. However, for natural convention, the temperature reached 48.1 • C, and the maximum surface temperature of the battery was higher than the battery working temperature limit of 55 • C after 39 cycles. Figure 12b shows that in the ambient, HP, and HPWF conditions, gave ∆T max values of 10.5, 2.6, and 2.5 • C, respectively. The fins helped to stabilize the battery more quickly and at a lower temperature. For the temperature uniformity condition, compared with ambient and HP conditions, the HPWF had a ∆T max that was lower than 0.1 • C and higher than 8.0 • C. Therefore, the fins provide a better temperature uniformity, making these an important component to improve the heat dissipation of the condensation as the battery temperature increases. 
Effects of Heat Dissipation on Pulse Circulation
Effects of the Discharge Depth on Pulse Circulation
The heat generation model for a general-purpose battery is based on Equation (1) . As the discharge current increases under normal conditions, the heat generation capacity of the battery increases with the current, and the temperature of the battery increases exponentially. The Ohmic and polarization resistances are key contributors to the heat generation model, which change with discharge depth.
(1) Figure 13 shows the pulse cycle of the battery at an ambient temperature of 37 • C. Different discharge depths affect the Ohmic and polarization resistances of the battery. In the lithium iron phosphate tab battery, the resistance increases with an increased discharge depth. Consequently, as the discharge depth increases, the surface temperature of the battery also increases. Lastly, when the SOC is 0.2, the surface temperature of the battery was 41.0 • C. In contrast, at an SOC of 0.8, the temperature of the battery surface was 40.7 • C. The maximum temperature difference of the battery under different discharge conditions was 0.3 • C. As a result, using the HPWF method can mitigate the effects of changing resistances in the battery. 
Conclusions
Considering that the battery emits a significant amount of heat during the high-rate charging and discharging processes, this paper proposes a cooling method based on a combination of an aluminum plate with HPs. The experimental method considered high discharge rates with pulse cycle tests. In addition, the results of two heat dissipation methods of HP and natural convection were compared. The conclusions are drawn as follows.
1. In this system, the working performance of the HP is affected by the temperature. As the ambient temperature increases, the heat dissipation from the HPs increases and the rate of temperature increase of the battery is reduced. As the discharge rate grows, the temperature of the battery surface increases more rapidly, and the temperature uniformity of the battery deteriorates. At 37 • C, when the discharge current is 50, 75, and 100 A, the surface temperatures the battery and the ∆T max were 38.1, 38.6, and 39.0 • C and 0.8, 1.4, and 1.7 • C, respectively.
2. For the pulse cycle test, the resistance affects the temperature rise of the battery. Different discharge depths cause the temperature rise of the battery to differ. However, differences in the temperature are controlled to be 0.3 • C, and the BTMS can better resist temperature increases caused by changes in the resistance.
3. During the constant current discharge process, the fins did not change the temperature rate or uniformity of the battery. In the HPWF and the HPs, the differences in the battery temperature rise were less than 0.2 • C. However, during the pulse cycle, the BTMS with fins reduced the temperature rise of the battery and reduced its settling time. The difference in battery temperature increase was 4.8 • C.
The heat dissipation structure proposed in this study provides a stable and reliable solution for the short lifetime and poor safety of batteries caused by heat generation under high temperatures and high discharge rate conditions. The proposed methods have good application prospects for the rapid charging of electric vehicles and energy storage in lithium batteries. 
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